Haem is essential for the health and function of nearly all cells. 5-Aminolaevulinic acid synthase-1 (ALAS-1) catalyses the first and rate-controlling step of haem biosynthesis. ALAS-1 is repressed by haem and is induced strongly by lipophilic drugs that also induce CYP (cytochrome P450) proteins. We investigated the effects on the avian ALAS-1 gene promoter of a phenobarbitallike chemical, Glut (glutethimide), and a haem synthesis inhibitor, DHA (4,6-dioxoheptanoic acid), using a reporter gene assay in transiently transfected LMH (Leghorn male hepatoma) hepatoma cells. A 9.1 kb cALAS-1 (chicken ALAS-1) promoter-luciferasereporter construct, was poorly induced by Glut and not by DHA alone, but was synergistically induced by the combination. In contrast, a 3.5 kb promoter ALAS-1 construct was induced by Glut alone, without any further effect of DHA. In addition, exogenous haem (20 µM) repressed the basal and Glut-and DHAinduced activity of luciferase reporter constructs containing 9.1 and 6.3 kb of ALAS-1 5 -flanking region but not the construct containing the first 3.5 kb of promoter sequence. This effect of haem was subsequently shown to be dependent on the − 6.3 to − 3.5 kb region of the 5 -flanking region of cALAS-1 and requires the native orientation of the region. Two deletion constructs of this approx. 2.8 kb haem-repressive region (1.7 and 1.1 kb constructs) retained haem-dependent repression of basal and drug inductions, suggesting that more than one cis-acting elements are responsible for this haem-dependent repression of ALAS-1. These results demonstrate that there are regulatory regions in the 5 -flanking region of the cALAS-1 gene that respond to haem and provide a basis for further investigations of the molecular mechanisms by which haem down-regulates expression of the ALAS-1 gene.
INTRODUCTION
Haem biosynthesis occurs by a multi-step pathway that is present in virtually all cell types. In higher organisms, erythroid cells and hepatocytes are the major sites of haem biosynthesis [1, 2] . 5-Aminolaevulinic acid synthase (ALAS) is the first and rate-controlling enzyme of haem biosynthesis in animals [3] . ALAS catalyses the condensation of glycine and succinyl-CoA to form ALA (5-aminolaevulinic acid) [4] . In higher organisms, including mammals and birds, ALAS is encoded by two genes: ALAS-1, which is the housekeeping form that is expressed ubiquitously, and ALAS-2, which is expressed only in erythrocytes and erythroid precursors [3, 5, 6] .
Because haem is essential for the normal function of nearly all cells, defects in haem synthesis have far-reaching pathological and biochemical effects. For example, the acute porphyrias are a family of disorders characterized by defects in the production or activity of one of the enzymes in the haem biosynthesis pathway. In acute attacks, neuropsychiatric and visceral symptoms are precipitated by drugs, and appear to be associated with uncontrolled up-regulation of hepatic ALAS-1 [2, 4, 7] . Additionally, there are a number of acquired disorders of haem synthesis, including poisoning with heavy metals such as lead, in which similar symptoms and biochemical abnormalities occur [2, 4] .
Haem synthesis and degradation within the cell are tightly controlled so that the amount of available haem closely matches the cell's requirements. In hepatocytes, a major control point in haem synthesis occurs via loosely bound, unassigned haem in a regulatory haem pool, which may repress ALAS-1 by a number of negative feedback mechanisms, including reduction of transcription [7] [8] [9] [10] , reduction of mRNA stability [11] [12] [13] and inhibition of the transport of ALAS-1 into mitochondria [14] [15] [16] [17] . Direct inhibition of hepatic ALAS activity by haem appears unlikely at physiological haem concentrations [18] . However, the molecular mechanism by which haem regulates ALAS-1 mRNA levels remains poorly characterized and, in particular, the down-regulation of ALAS-1 transcription by haem has remained controversial [8, 10, 12] . An important reason for this is that it has proven difficult to establish continuous cell-culture models that retain levels of mRNA, protein and activity of ALAS-1 as occurs in intact organisms and also retain inductive or repressive responses to chemicals. For example, virtually all mammalian hepatoma cell lines and cells from livers of tumour-bearing rats exhibit very low levels of ALAS-1, and these levels are only weakly inducible (1.5-2.0-fold induction), if at all [19, 20] . Furthermore, mammalian hepatocytes in primary culture show rapid decreases in ALAS activities [21] , and maintaining this activity has required costly [22] [23] [24] or complicated conditions of culture [24, 25] or have been subject to unpredictable responses [26] . In addition, HuH-7 cells, a human hepatoma cell line, do not show accumulations of porphyrin in response to porphyrogenic drugs such as Glut (glutethimide) and deferoxamine (H. L. Bonkovsky, unpublished Abbreviations used: ALA, aminolaevulinic acid; ALAS, 5-aminolaevulinic acid synthase; cALAS-1, chicken ALAS-1; β-gal, β-galactosidase; DHA, 4,6-dioxoheptanoic acid; DR, hexamer half-site direct repeat; DRES, drug-responsive enhancer sequence; Glut, glutethimide; HO-1, haem oxygenase-1; LMH, Leghorn male hepatoma; 5 -UTR, 5 -untranslated region. 1 To whom correspondence should be addressed (email Bonkovsky@uchc.edu).
work). We were the first to demonstrate that LMH (Leghorn male hepatoma) cells, a chicken hepatoma cell line, simply cultured on 0.1 % (w/v) gelatin, retain robust (>10-fold) inducibility of ALAS-1 and HO-1 (haem oxygenase-1) mRNA, and activity, and accumulate porphyrins in response to various treatments [27, 28] . These cells have proven to be a useful, relevant model for study of porphyrin and haem metabolism and for testing porphyrogenicity of drugs and chemicals [27, 29, 30] . In contrast with haem, there is clear experimental evidence that porphyrogenic drugs directly increase hepatic ALAS-1 gene expression [12, [31] [32] [33] [34] . For example, using the avian LMH hepatoma cell line, transcriptional activation of ALAS-1 by porphyrogenic drugs has been shown to be mediated, at least in part, by two DRESs (drug-responsive enhancer sequences) located far upstream of the transcriptional start site [35] . These DRESs work independent of each other and contain functional DR4-and DR5-type recognition sequences (where DR stands for hexamer half-site direct repeat) for nuclear receptors and act as binding sites for the CXR (chicken xenobiotic-sensing receptor), a chick homologue of the CAR (constitutive androstane receptor) [35, 36] . The existence of these DRESs does not exclude a role for other promoter or enhancer elements to up-regulate drug-dependent induction of ALAS-1, nor for haem to down-regulate the extent to which drugs can induce ALAS-1 gene expression.
In the present study, the issue of haem-dependent down-regulation of basal and drug-induced ALAS-1 gene transcriptions was approached by investigating, in LMH cells, the effects of the porphyrogenic drug, Glut, in combination with the inhibitor of haem synthesis, DHA (4,6-dioxoheptanoic acid; also called succinyl acetone), and/or haem on avian ALAS-1 promoter-reporter (luciferase) constructs. Using this system, we have identified separate haem-and drug-responsive regions in the cALAS-1 (chicken ALAS-1) promoter. In addition, we present data that the haemresponsive regions can suppress the drug-mediated promoter upregulation by the DRES, leading to a model in which cellular haem levels may act at both transcriptional and post-transcriptional sites to limit induction of ALAS-1 following challenge by drugs.
MATERIALS AND METHODS

Materials
Haem (haemin chloride) and protoporphyrin IX were from Porphyrin Products (Logan, UT, U.S.A.). DMSO (Me 2 SO), DHA, ferric chloride and Glut were obtained from Sigma (St. Louis, MO, U.S.A.). Gelatin was from J. T. Baker (Phillipsburg, NJ, U.S.A.). All chemicals were of the highest purity available. LMH cells were a gift from D. L. Williams (Department of Pharmaceutical Sciences, SUNY-Stony Brook, Stony Brook, NY, U.S.A.). The pPGK-β-gal plasmid was a gift from P. Dobner (Department of Molecular Genetics and Microbiology, University of Massachusetts Medical School, Worcester, MA, U.S.A.). The pGL3-Basic, pGL3-Promoter construct, primer RV primer3 and primerGL2 were purchased from Promega (Madison, WI, U.S.A.).
Cell culture and treatment
LMH cells were maintained in Waymouth's MB 752/1 complete medium (containing 10 %, v/v, fetal bovine serum with 100 units/ ml penicillin and 100 µg/ml streptomycin) on 0.1 % gelatincoated flasks and passaged routinely once or twice a week [37] . Preparation and treatment of LMH cells with chemicals were exactly as described previously [38] . All chemicals were freshly prepared on the day of treatment. After 16 h of treatment with chemicals, cells were harvested, and luciferase and β-gal (β-gal- actosidase) activities and protein content were determined, as described below.
Plasmid construction
cALAS-1 promoter constructs (Figure 1)
To generate cALAS-1 promoter constructs, the early promoter region and 5 -UTR (5 -untranslated region) of cALAS-1 (− 299 to + 82 bp) were amplified from the λ clone (cALAS-1) [39] with Pfu DNA polymerase (Stratagene, La Jolla, CA, U.S.A.) using the primers 5 -AATGAGAAGCTTTGAGATTTGTG-3 and 5 -CCGCCTCCAAGCTTCCTCCTG-3, digested with HindIII (the HindIII site is underlined) and cloned into the HindIII site of a modified pGL3-Basic plasmid vector in which the NotI site at 4651 bp was destroyed to make pGcALAS0.3-Luc (where Luc stands for luciferase). To construct pGcALAS3.5-Luc, a SmaI fragment (− 3447 to − 165 bp) isolated from λ cALAS-1 clone was inserted into the SmaI site (− 165 bp) of pGcALAS0.3-Luc. To generate pGcALAS9.1-Luc, an approx. 9.1 kb XhoINotI restriction fragment representing − 9067 to + 82 bp of the cALAS-1 promoter was cloned into the XhoI and NotI sites of pGcALAS0.3-Luc. To generate pGcALAS6.3-Luc, pGcALAS9.1-Luc was digested with XhoI (+ 9.1 kb) and PacI (+ 6.3 kb), end-filled with T4 DNA polymerase and re-ligated.
Heterologous promoter constructs containing DRES
To generate pGcALASDRES6.3-3.5-Luc and pGcALASDR-ES3.5-6.3-Luc (Figure 1 ), the cALAS-1 5 -flanking region containing the approx. 2.8 kb haem-repressive region (− 6286 to − 3475 bp) was amplified from pGcALAS9.1-Luc DNA using primers: 5 -ccgctcgagGGTAAGTAGGTCACAGTTATG-3 and 5 -ctcgagcggTTCAGACTGGGAGCAGTACC-3 (XhoI sites are underlined). The resulting PCR product was cloned into the XhoI site of the heterologous promoter construct, pGL3-Promoter (pGL3-Prom-Luc). The cALAS-1 5 -flanking region containing the 167 bp DRES (− 13 793 to − 13 271 bp) [35] was then amplified from chick genomic DNA using primers: 5 -cgacgcgtAGTAC-AGCTATGGATCTGTT-3 and 5 -acgcgtcgGTCTTGATAGGG-CTAACTTT-3 (MluI sites are underlined). The resulting 538 bp PCR product was cloned into the MluI site of pGL3-Prom-Luc, pGcALAS6.3-3.5-Luc and pGcALAS3.5-6.3-Luc, to generate pGL3DRES-Luc, pGcALASDRES6.3-3.5-Luc and pGcALAS-DRES3.5-6.3-Luc respectively.
To generate pGcALASDRES6.3-4.5-Luc and pGcALASDR-ES4.5-3.5-Luc (Figure 1 ), the 1.7 kb NheI (+ 6.3 kb) to BstEII (+ 4.5 kb) and 1.1 kb BstEII (+ 4.5 kb) to BglII (+ 3.5 kb) restriction fragments were isolated from pGcALAS6.3-Luc, endfilled and cloned into the SmaI site of pGL3-Prom-Luc. The PCR product containing the cALAS-1 DRES was then cloned upstream of these sequences to generate pGcALASDRES6.3-4.5-Luc and pGcALASDRES4.5-3.5-Luc respectively.
Transient transfections
LMH cells were plated on to 0.1 %-gelatin-coated 6-well plates at a density of 1.5 × 10 5 cells/well. After 24 h, LMH cells were cotransfected with ALAS-1 promoter/reporter constructs (0.5 µg) and pPGK-β-gal (0.5 µg) using Lipofectamine TM Plus (0.33 µg/ µl of reagent), according to the manufacturer's instructions. Total DNA transfected was kept constant by adding pBLUESCRIPT KS II+ plasmid DNA.
Assessment of reporter gene activity
Reporter gene expression was assessed by quantification of luciferase activity, normalized to β-gal activity and protein content. Transfected cells were washed twice with PBS and harvested in 250 µl of glycylglycine harvest buffer (25 mM glycylglycine, pH 7.8, 15 mM potassium phosphate, pH 7.8, 15 mM MgSO 4 , 4 mM EGTA and 1 mM dithiothreitol, added just prior to use). Cells were lysed by freeze-thawing (three cycles of 3 min in liquid nitrogen and 3 min at 37
• C) and cellular debris was removed by centrifugation (10-15 min, 14 000 g and 4
• C). Luciferase activity was measured with a Monolight 2010 ® Luminometer (Analytical Luminescence Labs, Ann Arbor, MI, U.S.A.) and Luciferase Assay Reagent (Promega). Relative light units (RLU) produced in 10 s were measured as above and normalized to β-gal activities and protein content. β-Gal activity was measured by a colorimetric assay [40] , and protein concentration by the BCA (bicinchoninic acid) method, using BSA as the standard [41] .
Statistical analysis of data
In all experiments, each condition included at least triplicate samples. All experiments were repeated three to seven times with consistent results. Statistical analyses were performed using JMP 3.0.2 software (SAS Institute, Cary, NC, U.S.A.). Initial descriptive statistics showed that the results for continuous variables were distributed normally. Therefore the differences in mean values were assessed by ANOVA, with the Tukey-Kramer correction for multiple pairwise comparisons. P < 0.05 was considered significant.
RESULTS
Glut and DHA can synergistically activate the cALAS-1 promoter
Previously, Glut and DHA have been shown to act synergistically to induce ALAS enzyme activity in primary cultures of chick liver cells [29] and LMH cells [27, 29] . To determine if this synergistic effect occurred at the transcriptional level, LMH cells transiently transfected with the cALAS-1 reporter constructs pGcALAS9.1-Luc, pGcALAS3.5-Luc and pGcALAS0.3-Luc were treated with Glut alone, DHA alone, or a combination of Glut and DHA. Glut alone (50 µM) led to a 3-fold increase in luciferase activity in cells transfected with pGcALAS3.5-Luc ( Figure 2A ) and a lesser increase (1.5-fold) in cells transfected with pGcALAS9.1-Luc ( Figure 2B ). Whereas the shortest construct (pGcALAS0.3-Luc) was not responsive to Glut + − DHA, 50 µM Glut led to a maximal up-regulation of the 3.5-or 9.1-ALAS-1 promoter constructs (results not shown). These results indicate that the cALAS-1 gene contains a drug-responsive region located in the first 3.5 kb of promoter, in addition to the DRES identified previously at − 13 kb [27] . However, in cells transfected with pGcALAS9.1-Luc, the combination of 50 µM Glut and 250 µM DHA produced a synergistic induction in luciferase activity, compared with Glut or DHA alone (P < 0.001; Figure 2B ). In contrast, the combination of Glut and DHA did not significantly increase luciferase activity compared with Glut alone in cells transfected with pGcALAS3.5-Luc (Figure 2A ). Increasing concentrations of DHA, up to 1 mM, had no effect on the Glut-induced reporter gene expression from pGcALAS3.5-Luc, indicating that pGcALAS3.5-Luc was unable to be synergistically induced by DHA (results not shown).
The synergistic induction by Glut and DHA with pGcALAS9.1-Luc, but not with pGcALAS3.5-Luc, suggested that there is SO . After 16 h, the cells were harvested and lysates were used to measure luciferase, β-gal and protein levels, as described in the Materials and methods section. Results are means + − S.E.M. for triplicate determinations, and are representative of four independent experiments. Luciferase activities are expressed as fold induction compared with vehicle-treated control, normalized to β-gal and protein levels. The amount of Me 2 SO added per well was kept constant and was not greater than 2 µl/ml medium, a volume that was shown in previous studies to not affect luciferase activity [26, 28, 45, 46] . *Differs from cells transfected with pGcALAS9.1-Luc and treated with 0 µM haem, P < 0.001. a DHA-responsive region located within the − 9.1 to − 3.5 kb region of cALAS-1 that is distinct from the Glut-responsive element. Because DHA is a specific inhibitor of haem synthesis, it was likely that DHA was acting indirectly on the ALAS-1 promoter through lowering haem levels. As described further below, the − 9.1 to − 3.5 kb region of cALAS-1 5 -flanking region contains haem-responsive negative element(s) that repress Glut induction in the absence of DHA (normal cellular haem levels).
Effects of Glut, DHA and haem on reporter gene activity and deletion analysis of the − 9.1 to − 3.5 kb cALAS-1 region
In order to determine if the cALAS-1 promoter can respond to increased haem levels, LMH cells transiently transfected with pGcALAS9.1-Luc were treated with increasing amounts of exogenous haem. Increasing concentrations of haem from 10 to 40 µM reduced luciferase activity in a dose-dependent manner when compared with Me 2 SO-treated control (Figure 3 ). Significant down-regulation by haem was noted at 10 and 15 µM (P < 0.001), with maximal repression achieved at 20 µM (54% repression of luciferase activity; Figure 3 ).
To determine if the effect of DHA on pGcALAS9.1-Luc was mediated through its ability to decrease haem levels in the cells, we assessed the induction of this construct by Glut and DHA in the presence of exogenous haem (Figure 4 ). Haem (20 µM, 16 h) treatment was found to repress significantly both the basal and Glut-and DHA-induced luciferase activities of this construct by 75 and 70 % respectively ( Figure 4B ). In contrast, there was no effect of 20 µM haem either on the basal or Glutand DHA-induced reporter gene expression of pGcALAS3.5-Luc ( Figure 4A ). These results are consistent with the − 9.1 to − 3.5 kb region of the cALAS-1 promoter containing one or more cisacting elements that mediate haem repression of ALAS-1 and with the notion that DHA acts indirectly upon the ALAS-1 promoter by reducing cellular haem levels. The haem-repressive region was further localized to between − 6.3 and − 3.5 kb with the construct pGcALAS6.3-Luc (Figures 1 and 4C ). Haem (20 µM) significantly repressed the basal and Glut-and DHA-induced luciferase activities of this construct to 53 and 20 % of control respectively ( Figure 4C ). Transfected cells were harvested 16 h after chemical treatment, and lysates were used to measure luciferase, β-gal and protein levels. Concentrations of the chemicals were as follows: Glut, 50 µM; DHA, 250 µM; and haem, 20 µM. Results are means + − S.E.M. for triplicate determinations, and representative of five independent experiments. Luciferase activities are expressed as fold induction compared with vehicle-treated control, normalized to β-gal and protein levels. *Differs from Glut + DHA, P < 0.001. **Differs from others, P < 0.001. ¶Differs from Me 2 SO, haem or DHA alone, P < 0.01. In (A), the three groups treated with Glut did not differ significantly from one another. †Significant decrease from cells treated with Me 2 SO, P < 0.001.
The haem-responsive region can repress drug induction from the upstream DRES
Previously, two separate DRESs approx. 13 kb upstream of the transcription start site were shown to play a key role in drugmediated activation of the cALAS-1 gene [27] . In order to determine if the haem-responsive region identified in the present study could also regulate the activity of the drug-responsive enhancer sequences, constructs containing these DRESs and either the entire haem-responsive region or the 5 (− 6.3 to − 4.5 kb) and the 3 (− 4.5 to − 3.5 kb) portions were tested for drug induction in the presence of exogenous haem (Figures 5 and 6 ). As expected, Glut caused a marked increase in reporter gene activity from pGL3DRES-Luc ( Figure 5A ), but not from pGL3-Prom-Luc that lacked the DRES (results not shown). Haem alone did not affect the luciferase activity from either construct ( Figure 5A , and results not shown). In contrast, haem treatment of cells transfected with constructs containing either the entire haem-responsive region (− 6.3 to − 3.5 kb) or the proximal (− 6.3 to − 4.5 kb) or distal (− 4.5 to − 3.5 kb) portions caused a significant decrease in both basal and Glut-mediated reporter gene activity compared with cells exposed to vehicle alone ( Figures 5B, 6A and 6B) .
Interestingly, when the haem-responsive region was placed in the reverse orientation in pGcALASDRES3.5-6.3-Luc (Figure 1 ), no reduction in basal or Glut-mediated reporter gene activity in haem-treated cells was detected ( Figure 5C ). These results suggest that the ability of haem to down-regulate the cALAS-1 promoter is both sequence-specific and dependent on the orientation of the haem-repressive region. The two constructs, pGcALASDRES6.3-4.5-Luc and pGcALASDRES4.5-3.5-Luc, containing non-overlapping portions of the 2.8 kb region were also haem-responsive, with both constructs producing a degree of haem-dependent repression of reporter activity similar to that seen for the entire haem-responsive region in pGcALAS-DRES6.3-3.5-Luc (Figure 6 ). Therefore the cALAS-1 promoter contains at least two haem-responsive regions that can function independently. The fact that reporter gene activities in the plasmids pGcALAS3.5-Luc, pGL3DRES-Luc and pGcALAS-DRES3.5-6.3-Luc (reverse orientation of haem-responsive Transfected cells were treated, harvested and assayed as described in the Materials and methods section and the legend to Figure 4 . Results are means + − S.E.M. for triplicate determinations and representative of five independent experiments. †Differs from vehicle alone (Me 2 SO) or Glut + Haem, P < 0.01. **Differs from all other treatment groups, P < 0.0001. *Differs from Glut alone, P < 0.001. region) were unaffected by haem ( Figures 4A, 5A and 5C) indicates that haem, at the concentration used (20 µM), was not toxic to LMH cells, a finding consistent with other results [27, 28] . Additional experiments demonstrated that haem, but not iron or protoporphyrin alone, was required to repress the basal and Glutmediated induction of the ALAS-1 promoter mediated by the − 6.3 to − 3.5 kb region (results not shown).
DISCUSSION
Haem has been proposed to regulate ALAS-1 negatively by a variety of mechanisms, including repression of transcription, increased degradation of mRNA and inhibition of mitochondrial translocation, as described below and as summarized in Figure 7 . The observed effects of haem on hepatic ALAS-1 led to the formulation of a concept referred to as the 'regulatory', or 'unassigned' haem pool [2, 4, 42, 43] . According to this hypothesis, hepatocytes contain a small, but crucial, haem pool that functions as a barometer of the cell's haem requirements. Haem is envisioned to exchange between this pool and the various haemoproteins of the cells (Figure 7) .
Although it has been known for many years that ALAS-1 is the rate-controlling enzyme for hepatic haem biosynthesis and that levels of its mRNA and activity can be increased severalfold by porphyrogenic chemicals [2] , the molecular mechanisms that regulate the expression of the ALAS-1 housekeeping gene are poorly understood. The half-life, t 1/ 2 , of the mRNA of hepatic ALAS-1 is short (1-5 h) [11, 12] . Because of this, transcriptional repression by haem could be an effective mechanism for regulation of ALAS-1 [8] [9] [10] . However, to date the evidence for haem repression of cALAS-1 gene transcription has been controversial [8, 10, 12] . Early hypotheses [3] , according to which drugs were believed to induce ALAS-1 transcription indirectly by lowering haem levels [10] , have since been proved to be incorrect with the identification of two drug-responsive regions at approx. − 13 kb of the cALAS-1 promoter [35, 36] . However, these findings do not rule out the possibility that additional haem-responsive elements modulate the basal and drug-induced transcription of ALAS-1. Indirect evidence for an effect of this haem pool on drug-mediated induction of ALAS-1 was obtained from studies in mice with targeted disruptions of the gene for porphobilinogen deaminase. Such mice have a deficiency in haem synthesis that resembles the defect in the human disease acute intermittent porphyria, and augmented drug-mediated induction of ALAS-1 mRNA [34] suggesting that normal cellular haem levels can influence the degree of drug induction.
We were the first to demonstrate that LMH cells, a chicken hepatoma cell line, simply cultured on 0.1 % gelatin, retain inducibility of ALAS-1 and HO-1 mRNA and activity in response to various treatments [27, 28] . These cells have proven to be a useful, relevant model for study of porphyrin and haem metabolism and for testing porphyrogenicity of drugs and chemicals [27, 29, 44] . In the present study, the transcriptional regulation of ALAS-1 by drugs, haem and DHA was assessed using promoter-reporter constructs. Specifically, the cis-acting elements in the 5 -flanking region of ALAS-1 that mediate haem-dependent regulation of ALAS-1 gene transcription were studied with the long-term goal of demonstrating clearly whether there is an effect of haem to down-regulate ALAS-1 gene transcription and, if so, to identify the haem-repressive element(s) that mediate this effect. Our major findings are: (i) a second drug-responsive region is located between − 3.5 and 0.3 kb, since Glut induced up to a 3-fold increase in reporter activity from constructs containing at least 3.5 kb of promoter sequence; (ii) haem significantly reduced both basal and Glut-induced reporter gene activity, in a dosedependent manner, when constructs contained sequences between − 6.3 and − 3.5 kb, and this region could be further divided into two independent haem-responsive regions; and (iii) these haem-responsive regions could also down-regulate the expression of constructs containing the far-upstream DRES. This paper demonstrates for the first time that haem can repress markedly the transcription of the cALAS-1 gene. These results are consistent with earlier findings in adult rat liver where haem or its precursor ALA was able to repress transcription as measured by nuclear run-on assays [3, 8, 32] . Previous studies that did not find any effect of haem on ALAS-1 transcription in avian hepatocytes were performed in primary cultures of chick embryo liver cells, and did not involve reporter constructs. It is possible that the effects of haem on the half-life of ALAS-1 mRNA [12] together with the low level of ALAS-1 transcription in these cells may have masked the down-regulation of ALAS-1 transcription by haem. Alternatively, the contrasting results of the earlier studies and the present study may reflect differences between the regulation of ALAS-1 transcription in embryonic and adult-derived hepatocytes such as LMH cells used in this study. The concentrations of the haem required for repression of ALAS-1 gene transcription (10-20 µM; Figure 3 ) are approximately an order of magnitude greater than those sufficient to block mitochondrial uptake of the enzyme [15, 17] or to increase its mRNA breakdown [12, 13] . Thus haem effects may be manifold and redundant and depend upon the degree and duration of excess intracellular haem. LMH cells may provide a useful model for study of the integration of these haemdependent down-regulatory effects.
Expression of several other genes is known to be regulated by haem, including HO-1, the rate-controlling enzyme of haem breakdown [2, 38, 45, 46] , and globin genes in developing erythrocytes [47] , raising the possibility that these genes share common haem-regulatory elements. However, we have been unable to find any significant sequence similarity between the − 6.3 to − 3.5 kb region of cALAS-1 and the 5 -flanking regions of these genes. This may reflect the fact that haem up-regulates HO-1 and globin genes, whereas it down-regulates hepatic ALAS-1 and may therefore use different transcription factors. It is still unclear whether the 5 -flanking regions of ALAS-1 genes from other species contain candidate haem-responsive elements. To date, there are no functional data available delineating where putative haem-regulated elements may lie in the ALAS-1 promoter of other species. To determine if there are any sequences or transcription factors common to the avian haem-responsive region and the ALAS-1 promoter of other species, we have compared the avian haemresponsive region sequence with the entire 5 -flanking regions of the human and murine genes [35, 36] using Genomatrix DiAllign TF software program (http://www.genomatix.de/index.html). In a stretch of highly conserved sequences, two short sequences present within the avian haem-responsive region (− 6.3 to − 3.5 kb) were also found in human and murine ALAS-1 5 -flanking regions. The first, at avian − 4590 to − 4565 bp, corresponds to − 1863 to − 1839 bp of the human and − 2393 to − 2369 bp of the mouse. The second, at avian − 3494 to − 3473 bp, corresponds to − 1107 to − 1086 bp of the human and − 2088 to − 2066 bp of the mouse (tsp = + 1). Interestingly, these two common regions separate into the two independent haemresponsive regions (− 6.3 to − 4.5 kb) and (− 4.5 to − 3.5 kb) of cALAS-1 identified in the present study ( Figure 6 ). Whether any of these is functional or responsive to haem remains to be seen.
In summary, our studies in LMH cells show that haem represses both basal and drug-mediated induction of ALAS-1 by one or more cis-acting elements in the − 6.3 to − 3.5 kb 5 -flanking region. The ability of this region to regulate the known drugresponsive regions identified in the ALAS-1 promoter suggests that this region plays an important role in modifying the transcriptional response of the cell to drugs. Fine mapping of this region, identification of key DNA-binding proteins and further delineation of haem, protein and DNA interactions are ongoing in our laboratory.
